One sentence summary
Introduction
highly expressed in the Col background and its expression was drastically reduced in 175 the pif3 mutant ( Figure 2E ). A yeast one-hybrid assay further revealed that PIF3 and 176 PIF1 directly bound to the BBX23 promoter and strongly activated LacZ reporter gene 177 driven by the BBX23 promoter ( Figure 2F ). These results indicate that PIF3 (and 178 likely PIF1) directly activates BBX23 transcription.
180
Overexpression of BBX23 promotes photomorphogenesis 181 We then obtained a T-DNA insertion mutant of BBX23, 182 Salk_053389C). It was a loss-of-function mutant and displayed a slight hook 183 unfolding phenotype in darkness (Sentandreu et al., 2011) . We evaluated the 
195
To overcome the redundant function, we generated transgenic lines The mRNA and protein levels of BBX23 are differentially regulated by light 209 Previous microarray profiles suggested that BBX23 expression is reduced under light 210 compared to in darkness (Monte et al., 2004; Charron et al., 2009) . We determined 211 how photoreceptors regulate BBX23 expression. As shown in Figure 4A , the BBX23 212 mRNA levels were greatly increased in the phyB-9, phyA-211, and cry1-304 mutants 213 compared to Col when seedlings were grown under continuous red, far-red, or blue 214 light conditions, respectively, indicating that light regulates BBX23 transcription 215 through both phytochrome and cryptochrome photoreceptors. BBX23 expression was 216 quickly decreased when etiolated seedlings were exposed to white light for up to 3 h, 217 and slowly down-regulated during light-to-dark transition for 3 h ( Figure 4B , C).
218
Next, we examined whether the protein level of BBX23 was regulated by light. 
HY5 physically interacts with BBX23

237
The facts that both of HY5 and BBX23 play positive roles in photomorphogenesis 238 and that they are regulated by both PIF1/PIF3 and COP1 prompted us to investigate 
242
To identify the domains responsible for the BBX23-HY5 interaction, we truncated the 243 full-length BBX23 protein into four fragments (F1 to F3), and the HY5 protein into 244 N-terminal and C-terminal parts (HY5N and HY5C) ( Figure 5A ). As shown in Figure   245 5B, F1 containing B-Box1 was not able to interact with HY5. F2 containing B-Box2 Next, we expressed His-HY5 and glutathione S-transferase-tagged BBX23
251
(GST-BBX23) recombinant fusion proteins in E. coli and carried out an in-vitro 252 pull-down assay. His-HY5 successfully precipitated GST-BBX23, but not GST alone
253
( Figure 5C ). To confirm the BBX23-HY5 interaction in vivo, we performed a Figure 6C ). We also compared these differentially expressed genes with the 281 HY5-regulated genes (Lee et al., 2007) . Nearly 16% (26 out of 162) of the 282 BBX23-induced genes and 18% (35 out of 192) of the repressed genes are also 283 regulated by HY5 ( Figure 6D ).
284
We then selected two BBX23-induced genes, CHALCONE SYNTHASE (CHS) Figure 6E ), indicating that 293 BBX23-mediated regulation of these genes is largely dependent on functional HY5.
294
We also created luciferase (LUC) reporter constructs, in which LUC were driven promoter of target genes (Lee et al., 2007) . Putative G-box or ACE motifs are present 307 in the regulatory regions of CHS, ELIP2, PER59, and PRP2 ( Figure 7A ). We next To test if the regulatory effect is direct, we used a dexamethasone Lee et al., 2007; Zhang et al., 2011) . In this study, we show that PIF1 and PIF3 ChIP-seq data also showed that PIF proteins could associate with the genomic region 352 of HY5 and BBX23 (Oh et al., 2012; Zhang et al., 2013) . Therefore, PIF1 and PIF3 , 2006 368 Chang et al., 2008 368 Chang et al., , 2011 Indorf et al., 2007; Kumagai et al., 2008; Wang et al., 2011, 369 2015; Yan et al., 2011; Fan et al., 2012; Jiang et al., 2012; Gangappa et al., 2013; Wei 370 et al., 2016; Xu et al., 2016) . In this study, we provide evidence to demonstrate that 
380
In a previous study, bbx23 had a slightly enhanced hook unfolding response in 381 darkness (Sentandreu et al., 2011) . Notably, BBX23 plays a redundant role with 382 BBX22 in regulating hypocotyl elongation under red and far-red light ( Figure 3A ).
383
Hence, proteins of the BBX subfamily IV play either positively or negatively in 384 mediating photomorphogenic responses.
385
We reveal that HY5 physically interacts with BBX23 in vitro and in vivo, and also interact with BBX4 to regulate the flowering pathway (Tripathi et al., 2017) .
401
Genetic and molecular evidence demonstrate that BBX23 associates with both 
22
functions as a transcription factor that up-regulates HY5 transcription (Xu et al., 2016 ).
422
It is thus possible that, similar to BBX21, BBX23 could act as a transcription factor 423 that directly controls gene expression. well demonstrated that COP1 targets HY5 and mediates its degradation through the 439 26S proteasome in darkness (Osterlund et al., 2000) . Some other BBX proteins, such 440 as CO, BBX4, BBX19, BBX20, BBX21, BBX24, and BBX25 interact with COP1 441 (Datta et al., 2006; Liu et al., 2008; Yan et al., 2011; Fan et al., 2012; Wang et al., 442 2015; Xu et al., 2016; Wei et al., 2016) . The interaction between BBXs and COP1 has 
Methods
459
Plant Materials and Growth Conditions
460
The bbx23-1 (Salk_053389C) mutant was obtained from the Arabidopsis Biological
461
Resource pif3 Table   538 1.
539
The binary constructs were electroporated into Agrobacterium tumefaciens strain 
ChIP Assay
559
ChIP assays were performed as previously described (Bowler et al., 2004) . Briefly, protoplasts according to a previously described method (Yoo et al., 2007) . After The raw reads were cleaned and aligned to the TAIR10 Arabidopsis reference genome 636 using Bowtie2 (Langmead and Salzberg, 2012) . Only uniquely mapped reads were retained for subsequent analysis. The expression levels for gene models were 638 normalized as FPKM. P values for each gene were calculated by DEGseq (Wang et al., 639 2010) . Genes with more than 2-fold change and a P value of < 0.05 were considered 640 as differentially expressed genes. 
SUPPLEMENTAL INFORMATION
664
The following materials are available in the online version of this article. 
684
Asterisks indicate significant differences from Col using Student's t-test (P <0.01). 
760
(C) Pull-down assay. BBX23 was fused with GST and HY5 was fused with His tag.
761
After co-incubation of both proteins, nickel-nitrilotriacetic acid agarose was used for 762 precipitation and the proteins were detected using anti-His and anti-GST antibodies. HY5-regulated genes (Lee et al., 2007) .
778
(E) Relative expression of light-responsive genes, as determined by RT-qPCR.
779
Seedlings were grown in red light for 5 d. The expression levels were normalized to 780 those of IPP2. Mean ± SD, n=3. 
